Cardiomyocyte proteostasis is mediated by the ubiquitin/proteasome system (UPS) and autophagy/lysosome system and is fundamental for cardiac adaptation to both physiologic (e.g., exercise) and pathologic (e.g., pressure overload) stresses. Both the UPS and autophagy/lysosome system exhibit reduced efficiency as a consequence of aging, and dysfunction in these systems is associated with cardiomyopathies. The muscle-specific ubiquitin ligase atrogin-1 targets signaling proteins involved in cardiac hypertrophy for degradation. Here, using atrogin-1 KO mice in combination with in vivo pulsed stable isotope labeling of amino acids in cell culture proteomics and biochemical and cellular analyses, we identified charged multivesicular body protein 2B (CHMP2B), which is part of an endosomal sorting complex (ESCRT) required for autophagy, as a target of atrogin-1-mediated degradation. Mice lacking atrogin-1 failed to degrade CHMP2B, resulting in autophagy impairment, intracellular protein aggregate accumulation, unfolded protein response activation, and subsequent cardiomyocyte apoptosis, all of which increased progressively with age. Cellular proteostasis alterations resulted in cardiomyopathy characterized by myocardial remodeling with interstitial fibrosis, with reduced diastolic function and arrhythmias. CHMP2B downregulation in atrogin-1 KO mice restored autophagy and decreased proteotoxicity, thereby preventing cell death. These data indicate that atrogin-1 promotes cardiomyocyte health through mediating the interplay between UPS and autophagy/lysosome system and its alteration promotes development of cardiomyopathies.
Introduction
Cardiac muscle mass adapts as a consequence of functional requirements. Increased workload, such as during exercise or chronic disease stresses causing pressure overload, induces cardiomyocyte hypertrophy, while hemodynamic unloading leads to heart atrophy (1) (2) (3) . Such changes in cell size depend on the equilibrium between the rates of protein synthesis and degradation, both of which are finely regulated by a number of signaling pathways and require a tight control over protein turnover and protein quality control to avoid accumulation of unfolded/ misfolded proteins and subsequent ER stress (4) (5) (6) . Unfolded/ misfolded proteins are degraded by the ubiquitin/proteasome system (UPS) and autophagy/lysosome system (7) (8) (9) . Proteins degraded via UPS are linked covalently by a polyubiquitin chain through a multistep reaction involving different enzymes, named ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin ligase (E3) enzymes, the last of which determines substrate specificity and the rate of ubiquitination (5, 10, 11) . Atrogin-1 (also known as MAFbx) is a muscle-specific ubiquitin-ligase (12, 13) , originally identified as a mediator of muscle atrophy under the control of FoxO transcription factors (14, 15) . Similar to skeletal muscle (12) , atrogin-1 upregulation in the heart leads to atrophy (16) and regression from calcineurin-dependent cardiac hypertrophy (17) (18) (19) . However, it has been proposed recently that atrogin-1 inhibition prevents pressure overload induced cardiac hypertrophy (20) .
Parallel to the UPS, autophagy is a conserved mechanism, which is upregulated in response to several stressors (21) . Autophagy begins with the engulfment of a portion of cytoplasm by a double membrane to form the autophagosome, which, by fusing to lysosome, culminates in the degradation of the sequestered material. Among the key regulators of autophagy, the endosomal sorting complex required for transport (ESCRT) protein complexes have been reported to affect lysosome-autophagosome fusion (22) (23) (24) . The functionality of both UPS and autophagy/lysosome system independently and of their interplay is essential for cell and tissue homeostasis. Indeed, both primary (e.g., mutations in autophagy-related genes) and secondary (e.g., unfolded protein accumulation) dysfunction in either the UPS or autophagy/lysosome system have been associated with cardiomyopathies and neurodegenerative diseases (4, 25, 26) , mainly because the failure of one of the two systems leads to substrate overload and consequent impairment of the other. A common finding in aging is the reduced exercise tolerance due to cardiac dysfunction, which has been attributed to a number of concurrent mechanisms, including increased oxidative damage, activation of unfolded protein response (UPR), and increased rates of apoptotic cardiomyocyte death (27) . All these observations suggest that alterations in the UPS and autophagy might be centrally involved in cardiac age-related dysfunction. Here, we demonstrate that atrogin-1 mediates the cross-talk between the UPS and autophagy/lysosome system by targeting a key effector of autophagy, the ESCRT-III protein charged multivesicular body protein 2B (CHMP2B), for proteasome degradation. CHMP2B accumulation, in the absence of atrogin-1, causes a block in the autophagy/lysosome system that leads to apoptosis and, with time, to cardiomyopathy and premature death.
Figure 1
Atrogin-1 KO mice develop an age-related cardiomyopathy. (A) Hearts from 6-, 9-, and 16-month-old control and atrogin-1 KO mice. (B) Evaluation of the heart weight/body weight (HW/BW) ratio in 6-, 9-, and 16-month-old control (C) and atrogin-1 KO mice. Error bars indicate SEM (**P < 0.01; n = 6 hearts for each group). (C) Confocal immunofluorescence on ventricular cryosections from 6-, 9-, and 16-month-old control and atrogin-1 KO mice stained with an antibody against dystrophin. Images show details from the RV. Scale bar: 50 μm. The morphometric evaluation of RV cardiomyocyte cross-sectional area is also shown. Error bars indicate SEM (**P < 0.01; n = 6 hearts for each group). (D) Evaluation of LV cardiomyocyte area in 6-, 9-, and 16-month-old control and atrogin-1 KO mice. Error bars indicate SEM (**P < 0.01; n = 6 hearts for each group). (E) Confocal immunofluorescence on LV cryosections from aged control and atrogin-1 KO hearts stained with an antibody against dystrophin, showing the mixture of normal sized and hypertrophic cardiomyocytes. Scale bar: 50 μm. (F) Evaluation of cardiomyocyte size distribution in the LV of 16-monthold control and atrogin-1 KO hearts. (G) Western blotting on ventricular extracts from aged control and atrogin-1 KO hearts. (H and I) Confocal immunofluorescence analysis of ventricular cryosections from aged control and atrogin-1 KO mice stained with antibodies to (H) β-myosin heavy chain and (I) atrial natriuretic factor. Scale bar: 50 μm.
Results

Genetic ablation of atrogin-1 causes myocardial interstitial fibrosis and cardiomyopathy.
Atrogin-1 is a muscle-specific ubiquitin ligase that has been associated with heart diseases, which represents an attractive novel target of cardiovascular therapy. However, the role of atrogin-1 in cardiomyocyte biology as well as its involvement in the molecular mechanism of cardiac dysfunction is largely unexplored. To address the role of atrogin-1 in the regulation of cardiomyocyte proteostasis and function, we monitored the cardiac phenotype of adult atrogin-1 KO mice (6 months old) onward until death and compared it with that of age-and sex-matched atrogin-1 haploinsufficient (atrogin-1 +/-) mice and C57BL/6J WT controls. At 6 and 9 months old, both cardiac morphology and size were unchanged in atrogin-1 KO mice compared with that in controls (heart weight/body weight: 6 month, atrogin-1 KO vs. controls: 0.0048 ± 0.0004 vs. 0.0047 ± 0.0005; 9 month, atrogin-1 KO vs. controls: 0.0048 ± 0.0004 vs. 0.0047 ± 0.0002) (Figure 1 , A and B), and consistently cardiomyocyte cross-sectional areas were identical to those of controls ( Figure 1, C and D) . At 16 months old, however, hearts of atrogin-1 KO mice appeared abnormal in shape with rounded ventricles, grossly dilated left atrium (LA), and increased heart weight, resulting in higher heart weight/ body weight ratios (16 month, atrogin-1 KO vs. controls: 0.0090 ± 0.0003 vs. 0.0046 ± 0.0002) (Figure 1, A (Figure 1, C and D) , and, interestingly, coexistence of hypertrophic and normally sized cardiomyocytes was observed in the LV wall ( Figure 1 , E and F). Such hypertrophic remodeling in aged atrogin-1 KO hearts was accompanied by an increase in Akt and S6 kinase phosphorylation, both of which regulate protein
Figure 2
Aged atrogin-1 KO mice show impaired heart function. (A) Echocardiographic long-axis view of 16-month-old control and atrogin-1 KO hearts. Ao, aorta. (B) Quantification of LV internal diameter (LVID), LV posterior wall (LVPW) thickness, LV length, LA anterior-posterior wall (LA ant-post wall), ejection fraction, and E wave deceleration time (EdT) in 16-month-old control and atrogin-1 KO mice. Error bars indicate SEM (*0.01 < P < 0.05; **P < 0.01; controls, n = 5 mice; atrogin-1 KO, n = 7 mice). (C) Quantification of heart rate (bpm) in freely moving aged control and atrogin-1 KO mice. Error bars indicate SEM (n = 4 mice for each group). (D) ECG recording in freely moving aged control (bottom) and atrogin-1 KO (top, 2 examples) mice. Atrogin-1 KO mice show runs of ventricular tachycardia. Estimation of heart rate is reported in the first ECG trace from an atrogin-1 KO mouse. (E) Quantification of ventricular ectopies per minute in aged control and atrogin-1 KO mice. Error bars indicate SEM (**P < 0.01; n = 4 mice for each group). PVC, premature ventricular complexes. synthesis ( Figure 1G ). Reactivation of the fetal isoforms β-myosin heavy chain and atrial natriuretic factor, which is a hallmark of pathologic myocardial hypertrophy (28, 29) , was evident in the aged atrogin-1 KO hearts ( Figure 1, H and I ). Echocardiography demonstrated that 16-month-old atrogin-1 KO hearts had thickened LV wall, without significant systolic dysfunction (ejection fraction, atrogin-1 KO vs. controls: 60.47% ± 10.98% vs. 55.20% ± 12.36%) (Figure 2 , A and B, and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/ JCI66339DS1). Remarkably, echo-Doppler measurements showed that atrogin-1 KO mice, which had normal diastolic function at 6 and 9 months of age, developed significant impairment in diastolic relaxation at 16 months of age, as demonstrated by a reduction of the E wave deceleration time in the mitral valve inflow pattern measurements (E wave deceleration time, atrogin-1 KO vs. controls: 20.7 ± 2.7 ms vs. 27.8 ± 5.7 ms) ( Figure 2B ). We next used telemetry monitoring of the ECG to analyze heart rhythm in freely moving mice. Aged atrogin-1 KO mice had unchanged heart rhythm compared with that of controls but showed frequent ventricular ectopies and runs of ventricular tachycardia, both of which indicate increased arrhythmia vulnerability (Figure 2 , C-E). These morphological and functional data were well supported by the observation that the myocardial interstitium, which was normal in 6-month-old atrogin-1 KO hearts, showed rare foci of fibrosis at 9 months of age and progressed into diffuse LV and LA fibrosis in the aged KO hearts (Figure 3 , A-F, and Supplemental Figure 1, A and B) . Such fibrotic remodeling was due to abundant interstitial collagen I and collagen VI deposition, which was predominant in the LV and interventricular septum (IVS) (atrogin-1 KO: collagen I, RV: 5.0% ± 1.4% collagen area per total area; IVS: 12.0% ± 1.6% collagen area per total area; LV: 16.0% ± 2.3% collagen area per total area; controls: collagen I, RV: 1.2% ± 0.3% collagen area per total area; IVS: 1.5% ± 0.5% collagen area per total area; LV: 1.5% ± 0.5% collagen area per total area) (Figure 3 , G and H, and Supplemental Figure 1 , A-D). Our findings indicate that atrogin-1 KO mice progressively develop cardiomyopathy with interstitial fibrosis, diastolic dysfunction accompanied by intraventricular conduction defects, and secondary LA and ventricular remodeling, all of which are common features of cardiomyopathies with a restrictive pattern (30) . In further support of this, aged atrogin-1 KO mice had reduced tolerance to treadmill exercise compared with that of age-matched controls and shortened life span ( Figure 3I and Supplemental Figure 1E ).
Increased apoptosis and ER stress in atrogin-1-null hearts. The presence of interstitial fibrosis in atrogin-1 KO hearts prompted us to investigate whether increased apoptosis rates were detectable. The number of apoptotic cardiomyocytes, assessed either using detection of the cleaved form of caspase-3 or performing TUNEL assay, was increased already in 9-month-old hearts, in which myocardial fibrotic remodeling was still moderate (Supplemental Figure 2A) . In aged KO mice, apoptotic nuclei were mainly detected within the LV and in the IVS (TUNEL: LV, atrogin-1 KO vs. control: 11.37 ± 5.50 vs. 0.13 ± 0.47 nuclei per field; IVS, atrogin-1 KO vs. control: 7.22 ± 3.58 vs. 0.36 ± 0.60 nuclei per field) ( Figure 4 , A-C), both regions characterized by the highest degree of fibrosis (Figure 3 , G and H). We thus used electron microscopy to investigate
Figure 4
Atrogin-1 KO hearts show increased cardiomyocyte apoptosis and ER stress. (A) Confocal immunofluorescence analysis of ventricular cryosections from 16-month-old control and atrogin-1 KO mice costained with wheat germ agglutinin (wga, green signal) and an antibody against the cleaved isoform of caspase-3 (red signal). Arrows indicate apoptotic cardiomyocytes in atrogin-1 KO hearts. Scale bar: 25 μm. (B) Immunofluorescence and bright-field images of heart cryosections from aged control and atrogin-1 KO mice simultaneously stained with an antibody to dystrophin and used for TUNEL assay (brown signal). Nuclei were counterstained with DAPI (blue signal). The asterisks indicate an apoptotic cardiomyocyte in an atrogin-1 KO heart. Scale bar: 10 μm. (C) Quantification of TUNEL-positive nuclei in aged control and atrogin-1 KO hearts. Error bars indicate SEM (***P < 0.001; n = 6 hearts for each group). (D) Electron micrographs of ventricular thin sections from aged control and atrogin-1 KO mice. The inset shows abnormal ER cisternae in atrogin-1 KO cardiomyocytes. Scale bar: 1 μm; 1.5 μm (inset). (E) Real-time quantitative PCR analysis of ventricular extracts from 9-and 16-month-old control and atrogin-1 KO mice demonstrating upregulation of genes involved in ER stress. Error bars indicate SEM (*0.01 < P < 0.05; **P < 0.01; n = 5 hearts for each group). (F and G) Western blotting on ventricular extracts from (F) 9-and (G) 16-month-old control and atrogin-1 KO mice, showing a marked increase of ER stress activation markers in atrogin-1 KO hearts.
cardiomyocyte ultrastructure and gain insight into the cellular mechanisms leading to apoptosis in the atrogin-1 KO hearts. This analysis revealed cardiomyocyte areas with diffuse sarcomeric disarray and expansion of ER cisternae. Moreover, within the region of ER proliferation, we found small electron-pale mitochondria ( Figure 4D and Supplemental Figure 2B ). These ultrastructural features are consistent with activation of the ER stress response, which was evaluated by assessing UPR genes (e.g., ATF4 and its downstream targets CHOP and GADD34) and protein markers (e.g., eIF2α, CHOP, and the ER stress chaperone BIP). Interestingly, upregulation of UPR genes, phosphorylation of eIF2α, and BIP and CHOP accumulation were detected in atrogin-1 KO hearts and were already present in 9-month-old animals, prior to the onset of overt myocardial alterations ultimately leading to cardiomyopathy (Figure 4 , E-G), strongly supporting that activation of ER stress preceded apoptosis and subsequent myocardial fibrosis.
The autophagy/lysosome machinery is impaired in atrogin-1-null hearts. We have demonstrated previously that, in skeletal muscles, impairment of autophagy leads to intracellular protein accumulation and increased apoptosis (31, 32) , and skeletal muscle-specific inhibition of autophagy causes UPR activation (33) . Moreover, interplay between UPS and autophagy has been proposed recently in the setting of neurodegenerative diseases (34), indicating that impairment of UPS impinges on the correct function of the autophagy/lysosome system. Interestingly, atrogin-1 KO hearts were characterized by ultrastructural features similar to those of autophagy-defective muscles, such as sarcomeric disarray and changes in mitochondrial morphology (33) . Therefore, we assessed the state of the autophagy/lysosome system in adult and aged atrogin-1 KO hearts. Accumulation of Bnip3 (data not shown) and beclin-1 proteins ( Figure 5A ) indicated that autophagy was induced in the atrogin-1 KO hearts. However, we detected increased levels of p62 and lipidated LC3 proteins ( Figure 5 , A and B), a finding consistent with autophagy impairment (35) . In line with this, immunofluorescence revealed that those atrogin-1 KO cardiomyocytes that showed sarcomeric disruption had abundant p62 aggregates and LC3 puncta ( Figure 5 , C and D, and Supplemental Figure 3A) . Importantly, LC3 and p62 staining did not colocalize ( Figure 5E and Supplemental Figure 3 , B-D), suggesting that LC3-positive puncta are truly autophagosomes and are not due to LC3 sequestration into p62-positive protein aggregates. Western blot and immunofluorescence analyses revealed an increase in the amount of the lysosomal marker LAMP2 and in lysosome number in atrogin-1-null cardiomyocytes (Figure 5 , F and G). We thus sought to determine whether autophagic and lysosomal markers colocalized, using coimmunofluorescence for LC3 and LAMP2, which demonstrated that the majority of autophagosomes were juxtaposed to lysosomes but did not colocalize ( Figure 5H and Supplemental Figure 4 ). To further confirm that ablation of atrogin-1 causes a block of the autophagy flux, we treated adult control and atrogin-1 KO mice with bafilomycin, an inhibitor of autophagosome/lysosome fusion. Consistent with our hypothesis, bafilomycin increased the LC3-II band in control mice, while it did not elicit any significant change in atrogin-1 KO hearts ( Figure 5I ). Altogether, these results suggest that, in atrogin-1 KO cardiomyocytes, despite normal autophagy induction, autophagosome/lysosome fusion is compromised, culminating in the block of the autophagic flux.
The ESCRT-III protein CHMP2B accumulates in atrogin-1-null hearts. In order to explain how the lack of atrogin-1, a ubiquitin ligase so far associated with the proteasomal function, leads to inhibition of the autophagy/lysosome system, we considered the possibility that atrogin-1 regulates the turnover of proteins involved in the autophagy/lysosome machinery. To address this issue, we used in vivo stable isotope labeling of amino acids in cell culture (SILAC) mass spectrometry analysis to compare heart protein turnover rates in the 9-month-old atrogin-1 KO and control mice. Metabolic protein profiling with labeled amino acids (pulsed SILAC) is a straightforward approach to assess changes in protein turnover. Here, we fed the mice for 2 weeks with a diet containing a labeled isotope of the essential amino acid lysine ( 13 C6 lysine [Lys-6]). Subsequent mass spectrometry in heart tissue extracts allowed, for every protein detected, quantification of both its absolute amount and the Lys-6-incorporating fraction (newly synthesized within the diet period), thus inferring the protein turnover rate. Consistent with the reduced efficiency of autophagy/lysosome system in atrogin-1 KO hearts, pulsed SILAC experiments demonstrated that substrates of lysosomes (36) , including Tau, filamin C, GAPDH, and BAG3, had decrease protein turnover and/or increased protein concentration (Supplemental Tables 2 and 3 ).
Given that our results indicate that the maturation and fusion of autophagosome/lysosome vesicle is impaired in KO hearts, we selected among the proteins accumulated in atrogin-1-null hearts 32 candidate proteins involved in vesicular trafficking (Table 1 and Supplemental Table 4 ). We further sorted these hits for biological function and focused on the presence of 2 ESCRT proteins, VPS25 and CHMP2B, that belong to ESCRT-II and Proteins that accumulated after 9 months in atrogin-1 KO hearts, as compared with control hearts, are shown. Bold font was used to highlight that, among the proteins accumulated in atrogin-1 KO hearts, we focused our attention on the ESCRT-III protein, CHMP2B.
ESCRT-III complexes, respectively. ESCRT proteins are necessary for autophagosome formation, and they have been shown to have a role in autophagosome/lysosome fusion and/or in sealing the membrane of the autophagosome (37) . Interestingly, a mutation in CHMP2B causing its altered turnover has been linked to the block of autophagy and subsequent neurodegeneration (38) , and we thus focused on this protein. Western blotting and immunofluorescence demonstrated that CHMP2B was increased in atrogin-1 KO hearts already at 9 months of age and accumulated further at 16 months ( Figure 6, A and B) . Whereas in control hearts CHMP2B distributed homogenously throughout the cardiomyocyte, in atrogin-1 KO hearts, it was found only in large aggregates in areas depleted of sarcomeric proteins (Figure 6B and Supplemental Figure 5 , A and B). Compared with the controls, CHMP2B staining only minimally overlapped with the lysosomal marker LAMP2 in the KO cardiomyocytes ( Figure 6C and Supplemental Figure 5C ), suggesting that impaired CHMP2B clearance may result in incomplete autophagic flux. CHMP2B is a target of atrogin-1. We used in vitro experiments to directly test the hypothesis that CHMP2B is degraded by the UPS upon interaction with atrogin-1. WT rat neonatal cardiomyocytes were treated with the proteasome inhibitor MG132, which caused CHMP2B polyubiquitination ( Figure 6D ) and accumulation ( Figure 6E ) that occurred predominantly in areas depleted of sarcomeric proteins ( Figure 6F and Supplemental Figure 6 ). In addition, flag-tagged CHMP2B coimmunoprecipitated with myc-tagged atrogin-1 in cells cotransfected with atrogin-1 and CHMP2B ( Figure 6G ). Atrogin-1 is a ubiquitin ligase belonging to the SCF family that binds the substrate and forms a complex with SKP1/CUL1/ROC to transfer ubiquitin from the E2 enzyme to the substrate. Importantly, when atrogin-1 was coexpressed with the SKP1/CUL1/ROC complex in skeletal muscles, it enhanced 
Discussion
Tight regulation of proteostasis plays a housekeeping cellular function in postmitotic tissues, such as the myocardium and the nervous tissue, that rely critically on mechanisms to control both the quality of newly synthesized proteins and the efficient removal of damaged and unfolded/misfolded proteins. The coordinated work of the UPS and the autophagy/lysosome system (7-9) is necessary, i.e., when UPS targets are too large/too numerous to be degraded by the proteasome, autophagy must intervene. Here, we identify a novel link between UPS and autophagy and show that the muscle-specific ubiquitin ligase atrogin-1 controls turnover of the ESCRT-III family protein CHMP2B, which controls the autophagy system (39) . In atrogin-1 KO hearts, the primary failure to regulate CHMP2B turnover causes its intracellular aggregation ( Figure 6B and Supplemental Figure 5B) , contributing to the secondary impairment of autophagy that, by amplifying unfolded/misfolded proteotoxicity, ensues in cardiomyopathy. These results highlight the importance of regulated proteolysis in the heart and show that the loss of atrogin-1 per se is sufficient to cause cardiac damage, which leads to cardiomyopathy when protein quality control becomes less efficient, as occurring in aging (ref. 25 and Figure 9 ).
Proteotoxicity cardiomyopathy in the atrogin-1 KO mice. Initially, atrogin-1 was identified as a mediator of skeletal muscle atrophy and being involved in the degradation of calcineurin and the activation of FoxO1 and FoxO3 transcription factors (18, 19, 40, 41) ; more recently, a role in the proteolysis of the NF-κB inhibitor IkB (20) has been reported. Our systematic morphological, functional, and biochemical analyses of the atrogin-1 KO hearts at different ages, ranging from 6 to 16 months, demonstrated aging-related myocardial remodeling, which was characterized by the coexistence of hypertrophic and atrophic cells (42) in the LV (Figure 1, E and F) . When looked at at the ultrastructural level, abnormalities observed included ER proliferation, disappearance of contractile elements, and abnormal mitochondria, all of which are consistent with activated ER stress and impairment of autophagy (Figures 4 and 5) . Such reduction of the autophagy flux resulted in the accumulation of p62-and LC3-positive autophagosomes and was further supported by the blunted increase in the lipidated form of LC3 upon lysosome inhibition ( Figure 5I ). The resulting defect caused the formation of p62-positive aggregates and increased cardiomyocyte apoptosis, which was followed by fibrotic myocardial replacement, eventually causing diastolic dysfunction (Figures 2 and 3) .
Defective control of proteostasis has been implicated in cardiomyopathies due to either accumulation of incorrectly folded proteins (e.g., the product of mutant cMyBP-C and CryAB genes) (43, 44) or acquired dysfunction of protein quality control, as occurring in heart failure (45) (46) (47) . In the former scenario, the myocardium features abundant fibrotic replacement, and these cardiomyopathies have a restrictive pattern, similar to that observed in the atrogin-1 KO mice (Figure 2, A and B) .
In other models, the genetic ablation of Atg5, a critical gene for autophagosome formation, causes cardiomyopathy and heart failure, supporting the concept that autophagy inhibition is detrimental for cardiac function (48) . Conversely, it has been demonstrated recently that enhancement of autophagy ameliorates cardiac function and prevents accumulation of intracellular aggregates in a murine model of proteotoxic cardiomyopathy caused by mutant CryAB R120G (49) . CHMP2B ubiquitination ( Figure 6H ). Altogether, these data indicate that atrogin-1 interacts directly with CHMP2B and mediates its targeting to the UPS for degradation.
Since our in vivo results also suggest that accumulation of CHMP2B in atrogin-1 KO hearts may result in autophagy impairment, we used CHMP2B overexpression to test the hypothesis that accumulation of this ESCRT-III protein impairs autophagic flux in normal cardiomyocytes. Cells were transiently transfected with YFP-LC3 to label autophagic vesicles, thus enabling quantification of the cell fraction occupied by autophagosomes with confocal microscopy. Consistent with our hypothesis, CHMP2B overexpression was sufficient to increase the number of YFP-LC3 vesicles (Figure 7, A-C) . Importantly, bafilomycin treatment did not increase LC3-positive puncta in CHMP2B-overexpressing cardiomyocytes, further supporting the concept that CHMP2B accumulation negatively regulates the autophagic flux ( Figure 7, C and D) .
Collectively, our in vitro data corroborate the in vivo findings and demonstrate that CHMP2B is a molecular target of atrogin-1 and support the concept that the failure to degrade CHMP2B results in its accumulation and consequent block of autophagy.
In vivo silencing of CHMP2B in atrogin-1 KO cardiomyocytes removes the block of autophagy and decreases apoptosis. Based on our observations, we hypothesized that CHMP2B downregulation in atrogin-1 KO hearts would reduce its accumulation and minimize its inhibitory effect on autophagy, thus reducing UPR activation and protecting cardiomyocytes from apoptosis. To this purpose, 9-month-old atrogin-1 KO mice were transduced with an adeno-associated viral vector (AAV9) encoding both small hairpin RNA (shRNA) against the CHMP2B gene and GFP to label infected cells. Four weeks after infection, about 50% of the cardiomyocytes expressed GFP and had reduced immunoreactivity for anti-CHMP2B antibody (mean CHMP2B fluorescence intensity: GFP-positive cardiomyocytes, 108 ± 8 AU; non-GFPexpressing cardiomyocytes, 44 ± 2 AU), indicating that CHMP2B was significantly knocked down in infected cells ( Figure 8A and Supplemental Figure 7A ). No decrease in CHMP2B fluorescence was observed in cardiomyocytes from hearts transduced with a control adeno-associated viral vector (AAV9) encoding GFP (mean CHMP2B fluorescence intensity: GFP-positive cardiomyocytes, 108 ± 8 AU; non-GFP-expressing cardiomyocytes: 108 ± 0.3 AU) ( Figure 8A and Supplemental Figure 7B ). Remarkably, in the shRNA-treated mice, most of the nontransduced cells had intracellular CHMP2B aggregates ( Figure 8B , white arrow), which were never observed in GFP-positive cardiomyocytes. Furthermore, LC3 and p62 aggregates, which were frequently detected in cardiomyocytes of 9-month-old atrogin-1 KO mice (Figure 8 , C-E), were present in cardiomyocytes that did not express shRNAs against CHMP2B but were never observed in cells that expressed oligos against CHMP2B (Figure 8 , C-E), suggesting that knockdown of CHMP2B restored normal autophagy. That CHMP2B knockdown restored the autophagic flux in atrogin-1 KO mice was further supported by the colocalization of autophagosomes and lysosomes in CHMP2B-downregulated cardiomyocytes ( Figure 8F) . Moreover, while a marked fraction of GFP-negative cardiomyocytes expressed cleaved caspase-3, apoptosis markers were never expressed in cardiomyocytes in which CHMP2B was knocked down ( Figure 8G ). These results validate the notion that the reduction of CHMP2B protein level protects atrogin-1 KO cardiomyocytes from the block of autophagy and induction of cell death resulting from CHMP2B proteotoxicity. modulatory role in autophagy, brain pathology shows intracellular accumulation of p62-positive protein aggregates (22, 39) .
Since the turnover of CHMP2B is defective in the atrogin-1 KO hearts, the clearance of the unfolded/misfolded forms of the protein is compromised. The progressive build up of the aggregate-prone CHMP2B would inevitably increase the possibility of aggregation and inclusion formation. Interestingly, when CHMP2B is expressed in WT-cultured cardiomyocytes, intracellular aggregates develop in a time-dependent manner (our unpublished data), suggesting that, above a given concentration threshold, the protein has the tendency to form amyloid-like complexes. In support of this, bioinformatics prediction (Protein Aggregation Prediction Server; http:// www.abl.ku.edu/ProA/) (52) shows 3 aggregation-prone domains in CHMP2B, resulting in a high aggregation score. It may be speculated that formation of intracellular CHMP2B aggregates impairs autophagy either by sequestering the functional form of the protein or other regulatory factors (e.g., interacting components of the ESCRT-III or ESCRT-II complexes), with subsequent inhibition of ESCRT complex function that ultimately affects lysosomes maturation and the autophagy system. During aging, the reduced efficiency of autophagy in the atrogin-1 KO mice adds to the decreased protein quality control, aggravating the proteotoxic load and triggering activation of UPR and ER stress, When we explored autophagy at higher detail in the atrogin-1 KO mice, autophagosomes and lysosomes appeared increased in number and size but segregated ( Figure 5, F-H) , suggesting a failure in the late steps of autophagy. This feature resembles that of myopathies with lysosomal defect (e.g., Danon disease) (50, 51) and prompted us to search whether atrogin-1 targets included proteins involved in the endosome/lysosome maturation and fusion with autophagosomes. The use of unbiased pulsed labeled proteomics in vivo (SILAC) allowed us to identify, among the proteins with increased turnover in the KO hearts, the ESCRT-III family protein CHMP2B, a previously unrecognized target of atrogin-1.
CHMP2B is a novel target of atrogin-1. The combined molecular, biochemical, proteomic, and in vivo approaches in the KO murine model identified CHMP2B as a novel target of atrogin-1. CHMP2B is a component of the heteromeric ESCRT-III complex essential for endosome trafficking, virus budding, cytokinesis, and the autophagy process (26) . CHMP2B is necessary for cell viability, and its ablation impairs autophagy, causing inhibition of autophagosome/lysosome fusion and, therefore, accumulation of autophagosomes. Mutations in CHMP2B have been found in familial neurodegenerative diseases (e.g., frontotemporal dementia and amyotrophic lateral sclerosis), in which, consistent with a
Figure 9
Role of atrogin-1 in the cross-talk between cardiomyocyte UPS and autophagy/lysosome system. (A) The muscle-specific ubiquitin ligase atrogin-1 regulates the turnover of CHMP2B, an ESCRT-III protein essential for lysosome biogenesis and autophagosome/lysosome fusion to form the autophagosome/ lysosome. Ablation of atrogin-1 reduces CHMP2B turnover, leading to CHMP2B accumulation into cardiomyocyte areas characterized by sarcomeric depletion. (B) The impaired turnover of CHMP2B compromises endosome maturation and autophagosome/lysosome fusion, resulting in the block of the autophagic flux (i.e., lysosome and autophagosome accumulation), activation of markers of ER stress, expansion of ER cisternae, and modifications of mitochondria morphology, all of which lead to cardiomyocyte apoptosis, resulting in a diffuse myocardial interstitial fibrosis (Figures 3 and 4) .
To assess changes in LV shape, the sphericity index was calculated at end-diastole and end-systole as the volume of the LV divided by the volume of a sphere with a diameter equal to the LV longest axis (measured in the apical view) using the following formulas (4, 5): As this ratio increases, the ventricle becomes more spherical. The Doppler frequency images of ascending aorta and mitral flow were acquired from the long-axis B-mode image. The Doppler frequency image of pulmonary artery flow was acquired from a cranial long-axis view. Doppler analysis of mitral valve flow was performed from the long-axis B-mode image, placing the sample volume in the LV below the mitral annulus. Echocardiographic image acquisition and analysis were performed by a single operator, blinded to the mouse genotype.
Telemetry implantation and ECG recording. Telemeters (Data Sciences International) were implanted in 15-month-old WT and atrogin-1 KO male mice. Animals were anesthetized with 1.5% isoflurane (v/v O2), and implantation was performed according to the manufacturer's procedure. After 10 days to allow complete recovery from surgery, ECG recording was started and carried on for 2 months.
Tissue samples and immunofluorescence analysis. The hearts were harvested from C57BL/6J WT, atrogin-1 +/-, and atrogin-1 KO mice; fixed in 1% paraformaldehyde (Sigma-Aldrich) at room temperature for 15 minutes; equilibrated in sucrose gradient; frozen in liquid nitrogen; sectioned; and processed for histological and immunofluorescence analyses. Ten-micron myocardial sections were obtained with a cryostat (Leica CM1850, Leica Microsystems GmbH) and incubated with primary antibodies diluted in PBS supplemented with 1% BSA and 0.5% Triton X-100 overnight at 4°C. Antibodies used in this study are listed in Supplemental Table 5 . FITC-and TRITC-conjugated secondary antibodies, all from Jackson lab, were used to detect primary antibodies.
TUNEL assay. TUNEL assay was performed in 9-and 16-month-old control and atrogin-1 KO heart cryosections, by using the ApopTag peroxidase in situ apoptosis detection system, following the procedure suggested by the manufacturer (Chemicon). A total of 6 nonconsecutive 10-μm cryosections from the mid-portion of the ventricles for each heart were analyzed. Cryosections were stained with an antibody to dystrophin, and nuclei were counterstained with DAPI. The number of apoptotic nuclei was estimated in 18 randomly selected fields from the RV (n = 6) and the LV (n = 6) walls and the IVS (n = 6) using ImageJ software.
Morphometric quantification of cardiomyocyte cross-sectional area. Cardiomyocyte cross-sectional area was quantified in both adult and aged control and atrogin-1 KO mouse hearts. Five nonconsecutive cryosections from the mid-portion of the ventricles per heart were stained with an antibody against dystrophin and analyzed with fluorescence microscopy. The images of 12 randomly chosen fields, area of 69,000 μm 2 from the RV (n = 6) and the LV (n = 6), were acquired with a fluorescence microscope (Leica DC130, Leica Microscopes), and cardiomyocyte crosssectional area was evaluated using a custom-developed routine running in Matlab (MathWorks).
Electron microscopy analysis. We used conventional fixation-embedding procedures based on glutaraldehyde-osmium fixation and Epon embedding (33) .
Western blotting. For details, see the Supplemental Methods.
which eventually lead to increased cardiomyocyte apoptosis. Among the proteins with impaired turnover in the atrogin-1 KO heart, our proteomics analysis identified other putative targets of the ubiquitin ligase, e.g., ribosomal S6 kinase 2 (RSK2), that might contribute to the pathological events that lead to the cardiomyopathy in addition to CHMP2B. It is thus likely that the atrogin-1 KO cardiomyopathy results from the impairment of multiple signaling pathways converging in ER stress and apoptosis. However, the downregulation of CHMP2B is sufficient to significantly reduce cardiomyocyte death, indicating that its accumulation has a dominant role in the pathogenesis of myocardial remodeling in the absence of atrogin-1. Proteasome inhibition: friend or foe? Usui et al. demonstrated recently that atrogin-1 KO mice are protected from developing myocardial hypertrophy upon transverse aortic coarctation through sustained IkB-mediated NF-κB inhibition (20) , suggesting that proteasome inhibition might be beneficial to prevent hypertrophy in pressure overload (53, 54) . Our findings support the concept that sustained inhibition of atrogin-1 is deleterious for cardiac muscle and should be avoided because it affects basic cellular functions, including autophagy regulation and ER function. In addition, our results are of immediate clinical relevance given the increasing use of proteasome inhibitors as antitumor treatment (55) . Recent case reports provide alarming signals that treatment with bortezomib, a proteasome inhibitor approved by the FDA for multiple myeloma, might be associated with cardiotoxicity (56) (57) (58) , and in experimental models, bortezomib treatment caused protein accumulation, ER stress, and ultrastructural abnormalities in both cardiac sarcomeres and mitochondria (59) .
Conclusions. In conclusion, these data highlight the importance of regulated proteolysis in the heart and show that the loss of atrogin-1 per se is sufficient to cause cardiac damage, which evolves into cardiomyopathy when protein quality control becomes less efficient, as occurring in aging. Such cardiomyopathy represents a novel model of proteotoxic myocardial remodeling, which will be useful to determine the mechanism of impaired proteostasis and its contribution to cardiomyocyte damage. Further studies will aim to determine whether mutations in the genes connected to the atrogin-1 signaling cascade may be responsible for human familial cardiomyopathies of undetermined genetic cause.
Methods
Mice. Atrogin-1 KO mice were provided by David Glass (Novartis Institutes for Biomedical Research, Cambridge, Massachusetts, USA). Atrogin-1 +/-mice were backcrossed with the inbred C57BL/6J strain (Charles River) for 7 generations. Atrogin-1 KO mice were obtained by crossing heterozygous atrogin-1 +/-mice and identified by PCR analysis. All experiments were conduced in 6-, 9-, and 16-month-old atrogin-1 +/-, atrogin-1, and C57BL/6J WT male mice.
Echocardiography and echo-Doppler. Echocardiography was performed both in adult and aged atrogin-1 KO mice and age-and sex-matched littermate controls, using a Vevo 2100 (VisualSonics) system equipped with a 30-MHz transducer. Anesthesia was induced with 3% isoflurane and maintained with 1.5% isoflurane during constant monitoring of temperature, respiration rate, and ECG. Two-dimensional cine loops with frame rates of 200 frames per second of a long-axis view and a short-axis view at proximal, mid, and apical level of the LV were recorded. IVS and LV posterior wall thicknesses, LV internal diameter, and maximal LV length were measured in systole and in diastole from the long-axis B-mode image, according to standard procedures. Ejection fraction (EF) was determined by the following formula, based on the Simple method (Simp): %EF = 100 × systolic LV volume/diastolic LV volume.
